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ABSTRACT 


Results  from  towing  tank  experiments  regarding  resistance,  sinkage  and  trim,  far  field 
wave  elevation,  boundary  layer  and  wake  of  the  INSEAN  2340  model  are  presented.  The 
resistance  and  sinkage  and  trim  tests  are  for  Froude  numbers  between  Fr  =  0.05  and  Fr  =  0.41  and 
free  model  conditions.  Wave  profiles  and  far  field  wave  elevations  have  been  carried  out  at  two 
Froude  numbers  namely  Fr  =  0.28  and  Fr  =  0.41.  Mean  velocity  field  and  total  head  in  the 
boundary  layer  and  wake  have  been  measured  by  5-hole  Pitot  probe  at  Fr  =  0.28.  The  test  design, 
measurement  system  and  the  uncertainty  assessment  have  been  described  both  for  wave  elevation 
and  velocity  fields.  The  uncertainty  assessment  methodology  follows  the  AIAA  Standard 
S-071-1995.  The  data  contributes  to  the  surface-ship  resistance  and  propulsion  model-scale 
database  for  computational  fluid  dynamics  validation,  as  part  of  an  international  collaborative 
project  between  INSEAN,  Iowa  Institute  of  Hydraulic  Research  (IIHR)  and  David  Taylor  Model 
Basin  (DTMB)  on  experimental  and  computational  fluid  dynamics  and  uncertainty  assessment  for 
a  combatant  geometry  [1]. 

1  Introduction 

There  is  a  continuing  need  for  additional  model-scale  data  for  computational  fluid 
dynamics  (CFD)  codes  verification,  validation/calibration  and  accreditation  for  realization  of 
simulation  based  design,  especially  for  modem  hull  forms.  Numerical  codes  need  turbulence 
models  to  predict  the  flow  in  the  boundary  layer,  wake  and  close  to  the  surface  in  presence  of 
breaking  waves.  The  values  of  the  parameters  to  be  set  in  the  turbulence  model  depend  on  the 
flow  characteristics  as  Reynolds  number  and  pressure  gradient.  Nevertheless  the  free  surface 
presence  changes  the  characteristics  of  the  turbulent  flow  so  that  the  turbulence  model  choice  is  a 
fundamental  step  for  the  prediction  of  the  flow  along  the  hull-model.  It  is  clear  that  different 
choices  of  the  parameters  produce  different  flow  prediction.  For  these  reasons  an  experimental 
validation  of  the  calculated  results  is  needed,  not  just  for  the  global  quantities,  but  also  for  the 
local  properties  of  the  flow. 

Since  the  paper  of  Baba  (1969)  [18],  not  many  experimental  works  have  been  carried  out 
in  order  to  realize  a  complete  flow  description  around  a  ship  model.  An  excursus  on  the  state  of 
the  art  until  1992  is  reported  in  the  paper  of  Toda,  Stem  and  Fongo  [19],  where  the  effects  of  the 
wave  field  on  the  boundary  layer  flow  of  a  Series  60  Cb=  0.6  ship  model  have  been  investigated. 
A  complete  flow  description  around  a  yawed  Series  60  have  been  reported  in  the  work  of  Fongo 
[14],  where  an  exhaustive  bibliography  on  the  experimental  work  in  ship  models  flow  description 
has  been  made.  Finally  the  experimental  investigation  of  the  flow  around  two  different  container 
models  has  been  described  in  the  work  of  Van  et  al.  [20]. 

The  objective  of  the  present  study  is  to  contribute  to  the  surface-ship  resistance  and 
propulsion  model-scale  database  for  CFD  validation,  as  part  of  an  international  cooperative 
project  between  INSEAN,  IIHR,  DTMB  on  EFD/CFD  and  uncertainty  assessment  (UA)  for  a 
combatant  geometry.  The  test  model  (INSEAN  2340)  is  an  identical  geosym  of  the  DTMB  5415. 
The  length  between  perpendiculars  is  5.72  m,  corresponding  to  =  1/24.8  scale.  This  geometry 
has  been  adopted  by  the  International  Towing  Tank  Conference  (ITTC)  as  a  recommended 
benchmark  for  CFD  validation  for  resistance  and  propulsion  (ITTC,  1996). 

Resistance  and  sinkage  and  trim  tests  for  the  INSEAN  2340  model  have  been  carried  out 
in  the  range  of  Froude  number  between  0.05  and  0.41  for  free  model  conditions.  Wave  profile  has 
been  determined  at  Fr=  0.28  and  Fr  =  0.41  by  analysis  of  six  pictures  taken  along  the  model. 
Furthermore,  a  detailed  description  of  the  wave  elevation  in  the  far  field  at  Fr  =  0.28  and 
Fr  =  0.41  is  given  for  the  regions  in  which  wave  breaking  does  not  occur.  The  measurements  have 
been  carried  out  by  capacitance  wires  and  the  field  reconstmction  has  been  obtained  by  136 
longitudinal  wave  cuts  at  both  Froude  numbers.  A  detailed  uncertainty  assessment  has  been 
provided  at  four  longitudinal  cuts  locate  in  near  and  far  field.  The  flow  around  the  model  is  given 
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in  terms  of  the  mean  velocity  components  and  total  head  at  Fr  =  0.28.  The  results  have  been 
obtained  using  a  5-hole  Pitot  probe.  Ten  cross-flow  sections  have  been  investigated  to  give  a 
complete  flow  map  for  testing  the  CFD  results.  Moreover  the  regions  that  presented  trace  of 
particular  flow  structures,  like  bow  or  stem  bilge  vortices,  have  been  analyzed  in  detail.  In  that 
cases,  the  measurements  have  been  repeated,  adopting  finer  grids  to  highlight  the  flow  features. 
To  certify  the  quality  of  the  experimental  data,  a  detailed  uncertainty  assessment  is  given  for  the 
propeller  plane  section  by  determination  of  bias  and  precision  limit  following  the  criteria 
suggested  by  Coleman  et  al.  [4].  Moreover  a  cross  validation  of  the  experimental  results  for  the 
nominal  wake  obtained  at  INSEAN,  DTMB  and  IIHR  has  been  made,  to  certify  the  quality  of  the 
benchmark.  Present  results  have  been  adopted  as  official  database  for  CFD  validation  at  the 
"G2K  workshop"  on  numerical  hydrodynamics  [16]. 

In  the  next  section  an  overview  of  the  experiments,  including  a  description  of  the 
instmmentation  and  the  experimental  procedures  is  given.  The  following  sections  are  related  to 
the  resistance,  sinkage  and  trim  and  wave  profile,  far  field  wave  elevation  and  global  mean  flow 
description.  The  resistance,  sinkage  and  trim,  the  longitudinal  cut  at  y  =  0.172  and  propeller  plane 
results  are  shown  in  comparison  with  the  results  obtained  at  the  IIHR  and  DTMB.  For  these 
results,  the  uncertainty  assessment  has  been  carried  out.  Concluding  remarks  and  future  plans  are 
reported  in  the  last  section.  The  5-hole  Pitot  probe  calibration  procedure  and  the  uncertainty 
assessment  for  all  the  measured  quantities  are  described  in  the  appendix. 

2  Model  Geometry 

The  model  namely  INSEAN  2340  is  an  identical  geosym  of  the  DTMB  5415  model,  that  has 
been  adopted  by  the  International  Towing  Tank  (ITTC)  as  a  recommended  benchmark  for  CFD 
validation  for  resistance  and  propulsion  (ITTC,  1996).  It  was  conceived  as  a  preliminary  design 
for  a  surface  combatant.  The  model,  whose  lines  and  main  characteristics  are  respectively  shown 
in  Fig.  1  and  table  1,  presents  a  transom  stern  and  a  bow  bulbous  of  peculiar  shape  that  allows  the 
sonar  lodging.  Its  length  between  perpendiculars  is  Lpp  =  5.72m,  which  corresponds  to  a  scale  of 
X  =  24.8.  All  the  tests  have  been  performed  for  the  bare  hull  conditions. 

During  the  experiments  two  identically  shaped  models  were  tested.  They  have  been  built 
at  the  INSEAN  models  workshop.  The  only  difference  between  the  first  and  the  second  model  is 
the  material  used  to  build  them.  The  first  one,  namely  INSEAN  2340  model,  was  made  in 
polyurethane  foam  (Klegher  cells  medium  density  /?  =  90  Kg/m^).  It  has  been  applied  for 
resistance,  sinkage  and  trim,  wave  profiles  and  far  field  wave  pattern  experiments.  The  second 
one,  namely  INSEAN  2340A  model,  was  made  in  wood  and  it  has  been  used  for  the  mean 
velocity  field  experiment.  In  order  to  stimulate  turbulent  flow,  both  models  adopted  a  row  of 
cylindrical  studs  of  3  mm  height  and  3  mm  diameter,  30  mm  spaced,  fitted  on  the  models  60  mm 
behind  the  bow  profile.  In  the  following  discussion,  as  well  as  in  the  introduction,  we  refer  to 
both  the  models  as  INSEAN  2340. 

3  Tests  Design 

The  typical  towing  tank  tests  (resistance,  sinkage  and  trim,  wave  profile  and  nominal 
wake)  have  been  selected  for  the  overlapping  tests  between  the  Institutes.  Each  Institute  followed 
their  usual  procedures.  Special  consideration  was  given  to  the  integration  of  the  uncertainty 
assessment  into  all  phases  of  the  experimental  process  as  recommended  by  the  AIAA  standards. 

Resistance  and  sinkage  and  trim  have  been  taken  in  free-model  conditions  at  Froude 
number  varying  from  Fr  =  0.05  to  Fr=  0.41  with  0.05  increments.  The  wave  profiles  have  been 
measured  at  Fr=0.28  and  Fr  =  0.41  using  three  different  techniques.  INSEAN  carried  out  the 
wave  profile  by  the  analysis  of  six  photographs  taken  along  the  model  in  free  model  conditions. 
The  boundary  layer  and  wake  velocity  field  has  been  carried  out  at  Fr  =  0.28  (cruise  speed)  in 
fixed  conditions  (at  the  dynamic  sinkage  and  trim).  The  Reynolds  number,  based  on  the  nominal 
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velocity  and  length  between  the  perpendiculars,  is  1.2xl0’  for  the  INSEAN  and  DTMB  models, 
while  for  the  IIHR  model,  that  is  shorter  than  the  other  two,  the  Reynolds  number  is  5.2x10®. 

The  far  field  wave  elevation  has  been  measured  at  Fr  =  0.28  and  Fr  =  0.41  (flank  speed). 
The  field  was  mapped  on  a  grid  having  spanwise  resolution  of  1.5  cm  (=  0.0026  and 
longitudinal  resolution  of  2.3  cm  at  Fr  =  0.28  and  3.3  cm  at  Fr  =  0.41. 

For  the  propeller  plane  (as  for  the  other  sections),  a  regular  grid  with  squared  cells  of 
0.0025  Lpp  has  been  drawn  around  the  hull.  Furthermore,  when  the  flow  presented  particular 
features  like  vortex  traces  or  strong  shear  layer,  a  grid  refinement  has  been  adopted  to  better 
resolve  the  velocity  field.  In  these  cases  the  cell  size  was  0.001  Lpp  corresponding  to  about  5  mm 
as  the  Pitot  head  diameter. 

The  tests  have  been  conducted  at  INSEAN  basin  n.  2,  which  is  220  m  long,  9  m  wide. 
The  water  depth  was  3.5  m.  A  Cartesian  coordinate  system  has  been  adopted  with  origin  at  the 
intersection  of  the  forward  perpendicular  and  design  waterplane.  The  (x,  y,  z)  axes  are  directed 
downstream,  transverse  and  upward  respectively. 

The  resistance  and  sinkage  and  trim  tests  have  been  carried  out  for  Froude  number 
varying  from  Fr  =  0.05  to  Fr  =  0.41,  with  0.05  step  interval.  Foad  cells  have  been  used  to  measure 
the  forces,  while  sinkage  and  trim  have  been  measured  by  a  device,  which  transforms  the 
translations  in  rotations  that  are  measured  by  an  encoder.  An  uncertainty  analysis  has  been 
developed  before  the  realizations  of  the  tests,  in  order  to  estimate  the  order  of  magnitude  of  the 
accuracy  of  the  results  that  would  be  obtained.  The  uncertainty  analysis  has  been  described, 
together  with  the  final  uncertainty  assessment,  performed  on  the  obtained  results  in  the  two  works 
of  Avanzini  et  al.  [15,  2]. 

The  wave  elevation  far  field  has  been  reconstructed  at  Fr=0.28  and  Fr  =  0.41,  by 
measurements  performed  in  a  tank-fixed  reference  frame  by  an  array  of  four  capacitance  wires 
assembled  on  a  movable  cross  slide  positioned  transversally  to  the  direction  of  the  model  motion. 
Each  probe  read  a  time  history  of  the  wave  elevation  related  to  a  value  of  the  y  coordinate  and  the 
data  were  acquired  in  a  PC  stored  in  a  control  room,  after  the  double  conversion 
voltage-Ifequency  and  vice  versa.  The  frequency  conversion  was  necessary  because  of  the  length 
of  the  cable,  which  would  determine  a  significant  loss  of  the  signal  in  the  data  transmission.  The 
wave  elevation  has  been  acquired  in  free  model  conditions.  However  a  verification  of  the  results 
for  the  fixed  conditions  has  been  made  for  the  four  cuts  on  which  the  uncertainty  assessment  has 
been  carried  out.  The  results  showed  that  the  difference  between  data  obtained  in  free  and  fixed 
model  conditions  was  lower  than  the  global  uncertainty. 

The  wave  profile  have  been  measured  in  fixed-model  conditions  at  Fr  =  0.28  and 
Fr  =  0.41,  taking  the  wave  height  on  the  model  from  a  series  of  photographs. 

The  velocity  field  has  been  determined  using  a  5-hole  Pitot  probe  on  10  cross  sections 
along  the  model.  On  each  section  a  regular  grid  with  squared  cells  of  0.0025  Lpp  has  been  drawn 
around  the  hull.  When  the  flow  presented  particular  features  like  vortex  traces  or  strong  shear 
layer,  a  grid  refinement  has  been  adopted  to  better  resolve  the  velocity  field.  In  these  cases  the 
cell  size  was  0.001  Lpp  corresponding  to  about  5  mm  as  the  Pitot  head  diameter.  Approximately 
900  points  each  section  have  been  acquired.  The  device,  including  the  software,  has  been 
designed  at  INSEAN  [11]. 

4  Experimental  results 

4.1  Resistance,  sinkage  and  trim  and  wave  profiles 

4.1.1  Setup  and  experimental  procedure 

The  Resistance  test  has  been  performed  following  the  ITTC  standards  for  Froude 
numbers  from  Fr  =  0.05  to  Fr  =  0.45  with  0.05  increments.  At  Fr  =  0.1,  Fr  =  0.28  and  Fr=  0.41 
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ten  repeated  readings  have  been  performed  to  determine  the  precision  limit.  The  measurement  of 
the  total  model  resistance  has  been  carried  out  by  a  load  cell,  having  a  maximum  load  of  490.5  N. 
The  signal  from  the  cell  was  amplified  before  undergoes  a  voltage-to-frequency  (V/F)  conversion 
for  reducing  the  sensitivity  to  noise  on  the  transmission  line.  Therefore  it  was  transmitted  in  a 
frequency  range  of  3000  ±  2500  FIz,  which  corresponds  to  a  voltage  range  of  ±  5  V  and  then 
converted  (F/V)  to  an  output  voltage  for  the  acquisition  by  a  12  bit  acquisition  board  mounted  on 
a  PC.  The  load  cell  calibration  has  been  performed,  using  the  same  equipment  that  has  been  later 
used  on  the  carriage  for  the  experiments.  The  velocity,  maintained  at  the  set  value  by  the  carriage 
control  system,  has  been  measured  by  a  tachometric  system.  A  tachometric  wheel  induces  1000 
pulses  on  an  optical  encoder  for  every  meter  of  carriage  displacement,  so  that  the  spatial 
resolution  is  0.001  m.  The  pulses  counted  by  a  16  bit  binary  counter  in  a  1  s  time  interval  gave  the 
velocity  in  mm  s'*.  This  number  is  displayed  on  the  carriage  control  panel  and  transmitted  to  the 
acquisition  board. 

Sinkage  and  trim  have  been  obtained,  at  the  same  Froude  numbers  than  resistance, 
measuring  the  displacements  of  two  points  located  respectively  close  to  the  fore  and  the  rear 
perpendicular.  The  displacements  of  the  two  points  have  been  measured  by  two  angular 
potentiometers  connected  to  two  pantographs.  Being  the  trim  angle  very  small  it  has  been 
possible  to  linearize  the  relation  between  fore  and  aft  displacements  and  the  trim  angle. 

The  wave  profiles  have  been  obtained  at  Fr=0.28  and  Fr=0.41,  taking  a  series  of 
photographs  along  the  model.  On  the  model  port  side  both  ordinates  and  immersions  have  been 
represented.  In  this  way  it  has  been  possible  to  directly  evaluate  the  wave  profile.  Nevertheless  it 
has  been  noted  that,  due  to  the  particular  flare  shape,  the  used  technique  induced  to  overestimate 
the  wave  profile  nearby  the  bow. 

4.1.2  Resistance,  sinkage  and  trim  and  wave  profile  results 

-Resistance  -  A  series  of  towing  tests  was  performed  between  Fr=  0.05  and  Fr  =  0.41, 
with  AFr  =  0.05.  The  tests  have  been  carried  out  with  the  model  free  to  take  its  natural  sinkage 
and  trim.  Model  resistance  and  fore  and  aft  sinkage  have  been  measured. 

Figure  2  shows  the  total  resistance  curve  as  a  function  of  carriage  speed.  The  values 
plotted  for  measured  velocity  Vm  =  0.749,  Vm  =  2.097  and  Vm  =  3.071  m/s,  corresponding 
respectively  to  Fr  =  0.10,  Fr  =  0.28  and  Fr  =  0.41,  are  the  averaged  values  on  10  repeated 
readings.  Figure  3  shows  the  curves  of  total  and  residual  resistance  coefficient  Cjm  and  Cr.  Also 
viscous  resistance  has  reported  according  to  the  ITTC  57  formula.  The  obtained  results  show  no 
significant  dispersion,  even  if  after  each  day  the  model  was  unloaded  and  dismounted.  A  slightly 
larger  dispersion  is  observable  only  at  the  lower  Froude  numbers  (see  Fig.  4).  Table  2  shows  the 
complete  set  of  the  results  carried  out  during  the  tests.  The  shaded  rows  report  results  for  the 
repeated  tests  at  Fr  =  0.10,  Fr  =  0.28  and  Fr  =  0.41. 

Finally,  Fig.  5  shows  the  comparison  of  the  total  resistance  coefficient  and  the  residual 
resistance  coefficients  for  the  same  test  case  obtained  at  INSEAN  {X  =  24.8),  IIHR  {X  =  46.6)  and 
DTMB  {X  =  24.8).  The  agreement  between  the  different  sets  of  data  was  really  encouraging  and 
let  us  to  confide  in  a  good  outcome  also  for  the  wave  pattern  and  velocity  field  experiments. 

-Sinkage  and  Trim  -  Sinkage  and  trim  have  been  determined  measuring  the  fore  and  aft 
displacements  by  rotative  potentiometers.  Displacement  measurements  have  been  obtained  by 
conversion  of  vertical  to  angular  displacements  through  weight-balanced,  mechanical 
parallelograms.  The  potentiometers,  signal  conditioners,  and  carriage  PC  AD  card  are  statically 
calibrated  to  determine  the  voltage-displacement  relationship.  Data  acquisition  has  been  done 
through  collection  of  300  discrete  samples  over  10  seconds  at  30  Hz.  Data  is  filtered  through  a  10 
Hz  low-pass  filter.  The  trim  angle  has  been  determined  by  the  first  order  relation 
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where  D  is  the  distance  between  the  fore  measurement  point  and  the  fore  perpendicular. 
Sinkage  has  been  obtained  by  the  following  relation 
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Figures  6a  and  6b  show  the  variation  of  trim  angle  and  sinkage  as  a  function  of  the  carriage 
speed.  The  values  at  Fr  =0.10,  Fr  =  0.28  and  Fr  =  0.41  are  averaged  values  on  10  repeated  tests. 
Figure  la  and  lb  show  the  comparison  for  sinkage  and  trim  angle  obtained  at  INSEAN  and  IIFIR. 
Table  3  shows  the  complete  set  of  results. 

-Wave  profiles -To  determine  the  wave  profdes  at  Fr  =  0.28  and  Fr  =  0.41,  a  series  of 
pictures  has  been  taken  along  the  hull  and  digitized.  The  measurement  system  utilizes  a  hull- 
based  grid  system.  Data  acquisition  has  been  done  by  photographing  the  wave  profile  and 
digitizing  the  negatives  by  a  high-resolution  scanner.  Wave  heights  are  quantified  at  x-stations  on 
the  model  by  CAD  software.  Figures  8  and  9  show  the  wave  profiles  at  Fr  =  0.28  and  Fr=  0.41 
obtained  at  INSEAN  (B)  and  IIFIR  (C).  Also  for  the  wave  profiles  the  agreement  is  quite 
satisfactory.  More  details  are  reported  in  the  paper  of  Stem  et  al.,  as  for  the  other  overlapping 
tests  [1]. 


4.2  Far  field  wave  pattern 

4.2.1  Setup  and  experimental  procedure 

The  wave  elevation  measurements  have  been  obtained  in  a  tank-fixed  reference  frame  by 
an  array  of  four  capacitance  wires  assembled  on  a  movable  cross  slide  that  was  able  to  move 
transversally  to  the  direction  of  the  model  motion  (Fig.  10).  Each  probe  recorded  a  time  history  of 
the  wave  elevation  related  to  a  value  of  the  y  coordinate.  Due  to  the  high  repeatability  of  the  wave 
pattern  generated  by  the  model,  the  wave  field  has  been  reconstmcted  by  means  of  a  series  of 
time-dependent  readings.  Moving  the  probe  array  each  mn,  it  has  been  possible  to  cover  a  large 
portion  of  the  generated  wave  pattern.  The  displacement  accuracy  of  the  four  probes  is  1  mm.  As 
many  as  the  set  probe  positions,  136  longitudinal  cuts  have  been  acquired  for  both  Froude 
numbers  and  precision  limit  have  been  determined  at  four  transverse  positions  corresponding  to 
y  =  0.082, y  =  0.172,y  =  0.259  andy  =  0.347  (Fig.  1 1). 

When  the  carriage  reached  a  defined  position,  so  that  the  model  was  1 0  w  before  crossing 
the  ideal  line  of  the  four  capacitance  wires,  a  small  metallic  finger  turned  on  a  switch  positioned 
close  to  one  of  the  two  rails  (Fig.  10);  then  acquisition  started.  The  output  signal  of  the  probe 
circuit  was  filtered  by  a  100  Hz  low-pass  filter  and  later  converted  from  voltage  to  frequency  to 
avoid  electromagnetic  disturbances  and  loss  of  tension  due  to  the  length  of  the  cables  (about 
100  m).  The  signal  was  reconverted  to  voltage  and  afterwards  filtered  by  a  20  Hz  low-pass  filter. 
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then  it  was  acquired.  The  sampling  rate  was  /c  =  92  Hz  so  that  the  corresponding  resolution  in  the 
longitudinal  direction  is  2.28  cm  at  Fr  =  0.28  and  3.34  cm  at  Fr  =  0.41.  Longitudinal  cuts  have 
been  obtained  each  1.5  cw  in  spanwise  direction. 

During  the  tests  the  model  was  free  to  take  its  natural  sinkage  and  trim.  Anyway 
additional  tests  have  been  performed  in  fixed  conditions,  but  the  difference  between  these  results 
and  the  others  obtained  in  free  conditions  is  much  smaller  than  the  global  uncertainty. 

4.2.2  Far  field  wave  elevation  results 

Experimental  data  of  the  136  time  dependent  readings  of  the  wave  elevation  have  been 
acquired  to  reconstruct  the  wave  pattern  at  both  Froude  numbers.  The  link  between  temporal 
history  and  longitudinal  displacement  is  simply  given  by  relation  due  to  the  hypothesis  of 
stationary  field: 

X  =  xo+ U  (t-to)  (3.2.1) 

As  shown  in  Figs.  12  and  13,  at  about  two  model-lengths  downstream  the  stem  there  is  clear 
evidence  of  wave  reflection  on  the  tank  wall.  This  reflection  occurs  more  downstream  at 
Fr  =  0.41  than  at  Fr  =  0.28  due  to  the  larger  divergence  of  the  wave  pattern. 

At  Fr  =  0.28  the  maximum  of  the  measured  wave  elevation  amplitude  is  |  /i  |  max  =  4. 1  cm 
and  the  signal  is  sufficiently  smooth,  even  if  spilling  breaking  has  been  observed  at  the  bow  wave 
crest,  shoulder  wave  and  stem  wave  crest.  The  maximum  of  the  wave  elevation  has  been  detected 
in  the  very  far  field,  at  about  x  =  l,y  =  0.3,  where  the  breaking  is  gentler  than  close  to  the  model. 

In  the  case  of  Fr=  0.41,  in  correspondence  to  the  bow  wave  crest,  shoulder  wave  crest 
and  stem  wave  crest,  an  irregular  behavior  of  the  capacitance  wires  has  been  noted.  This  is  related 
to  the  presence  of  intense  wave  breaking  phenomena,  as  observed  during  the  carriage  mns.  In  fact 
in  this  case,  the  capacitance  wires  did  not  correctly  behave,  because  the  spray,  produced  by  the 
intense  breaking,  did  not  assure  a  correct  wetting  of  the  wire.  In  this  case,  the  maximum  of  the 
wave  elevation  amplitude  is  equal  to  8.5  cm,  considering  the  regions  where  it  has  been  possible  to 
measure  correctly. 

A  detailed  uncertainty  assessment  of  the  present  results  has  been  carried  out.  The 
procedure  is  summarized  in  Appendix  A  and  extensively  described  in  the  report  of  Olivieri  and 
Penna  [3]. 

The  obtained  wave  patterns,  constitutes  the  best  resolved  results  for  this  kind  of  ship  model  and 
allows  to  validate  the  CFD  results  almost  everywhere  with  uncertainty  lower  than  3  %  of  the 
maximum  wave  elevations  in  the  field.  Unfortunately,  in  the  case  of  Fr  =  0.41,  the  spray  in  the 
breaking  regions  did  not  allow  to  carry  out  any  information  about  wave  elevation  close  to  the  bow 
wave  crest,  shoulder  wave  crest  and  transom  wave  crest  (see  Tab. 4). 

A  cross-validation  of  the  wave  elevation  measurements  has  been  performed  for  the 
y  =  0.172  longitudinal  cut,  between  INSEAN  and  IIHR  results.  Figure  14  shows  the  good 
agreement  between  the  two  longitudinal  cuts,  even  if  there  is  a  small  difference,  especially  nearby 
the  bow  and  stern  wave  crests.  It  must  be  noticed  that  the  two  experiments  are  performed  white 
different  scale  models  and  the  examined  longitudinal  cut  is  not  so  far  from  the  model  to  exclude 
any  Reynolds  effect  in  the  wave  development. 

4.3  Velocity  field  in  the  boundary  layer  and  wake 

4. 3. 1  Setup  and  experimental  procedure 

Velocity  field  have  been  determined  using  a  5-hole  Pitot  probe,  located  at  the  hull  port 
side.  A  classical  Pitot  tube  has  been  used  to  measure  the  static  pressure  in  an  undisturbed  flow 
region,  far  enough  from  the  model.  A  set  of  five  differential  pressure  transducers  has  been 
adopted  to  measure  the  5  pressure  differences  between  the  total  pressure,  related  to  the  5  holes  of 
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the  Pitot  probe,  and  the  static  pressure  of  the  Pitot  tube.  The  5-holes  boundary  layer  pitot  probe 
and  the  static  pitot  tube  have  been  calibrated  (see  App.  A)  at  IIHR  wind  tunnel  at  nominal  speed 
of  Veal  =  16.5  m/s,  which  determines  a  Pitot  probe  Reynolds  number  of  RCcai  =  5350.  During  the 
towing  tank  tests,  the  Pitot  Reynolds  number  (Rcexp)  varies  between  4800  and  10000.  Nonetheless 
the  behavior  of  the  Pitot  probe  is  Re-independent  for  Reynolds  numbers  larger  than  1000  [9]  and 
this  condition  was  verified  during  the  calibration  as  well  as  in  the  towing  tank  tests.  The  pressure 
transducers  have  been  calibrated  by  a  special  apparatus  allowing  to  produce  a  set  of  reference 
values  of  pressure  with  uncertainty  lower  than  0.1  Pa.  The  regression  line  used  for  voltage  to 
pressure  conversion  introduces  a  percentage  error  lower  than  0.3%  for  every  measured  value  (see 
App.  A). 

The  experiments  have  been  carried  out  for  the  bare  hull.  During  the  tests,  the  model  was 
held  in  fixed  conditions,  with  trim  and  sinkage  set  at  the  averaged  values  determined  in 
unrestrained  conditions.  The  nominal  speed  has  been  set  to  Uo=  2.097  m/s,  corresponding  to 
Froude  number  Fr=  0.28.  The  coordinate  system  is  set  fixed  to  the  hull,  with  the  origin  at  the 
intersection  between  the  fore  perpendicular  and  the  undisturbed  water  plane.  In  particular  x,  y  and 
z  axes  are  in  the  direction  of  the  uniform  flow,  starboard  side  of  the  hull  and  upward  respectively, 
and  the  corresponding  velocity  components  are  u  (longitudinal),  v  (transverse)  and  w  (vertical). 

Ten  cross  sections  have  been  investigated,  with  particular  attention  to  the  regions  where 
the  flow  features  revealed  particular  interest,  located  at  x  = -0.0052,  x  =  0.1,  x  =  0.2,  x  =  0.4, 
X  =  0.6,  X  =  0.8,  X  =  0.9346  (propeller  plane),  x  =  1.0,  x  =  1.1,  x  =  1.2  model  lengths  downstream 
the  fore  perpendicular. 

For  every  section  a  regular  grid  with  squared  cells,  whose  side  dimensions  are 
Axg  =  Ajg  =  0.0025  Lpp,  has  been  drawn  around  the  hull.  Each  grid  is  composed  of  about  900 
points.  Furthermore,  when  the  flow  showed  particular  features  like  vortex  traces  or  strong  shear 
layer,  grid  refinements  have  been  adopted  to  better  resolve  the  velocity  field.  In  these  cases  the 
adopted  cell  size  is  Axg  =  Ajg  =  0.001  Lpp  corresponding  to  5.7  mm,  about  as  Pitot  head  diameter 
(Fig.  16).  Five  differential  pressure  transducers  (Valydine  DP15)  have  been  connected  to  the  five 
Pitot  holes  and  to  the  static  pressure  hole  of  the  Pitot  tube.  This  kind  of  transducers  has  been 
adopted  because  of  their  very  high  accuracy  and  linearity  in  the  whole  measurement  range  [9, 
10].  The  acquisition  system  is  running  automatically,  guided  by  software  implemented  by  La 
Gala  [11].  Two  orthogonal  slides,  actuated  by  two  step  motors,  drive  the  Pitot  to  the  measuring 
point,  starting  from  a  reset  position  (Fig.  15).  The  two  step  motors  have  a  resolution  of  200  steps 
per  round  and  the  maneuvering  screw  has  a  pitch  of  1 0  mm,  so  that  the  spatial  resolution  of  the 
device  is  0.05  mm  in  vertical  and  transverse  direction.  The  software  is  able  to  manage  the  Pitot 
displacements  on  the  transverse  sections  to  avoid  any  interference  between  the  Pitot  head  and  the 
model.  The  velocity  signal  is  checked  by  the  software  before  starting  the  acquisition  and  during 
the  acquisition  itself  When  the  read  signal  is  into  a  pre-defmed  range,  the  acquisition  starts.  At 
the  end  of  the  acquisition,  the  system  moves  the  Pitot  to  the  next  measuring  point.  To  avoid  Pitot 
probe  vibrations,  caused  by  vortex  shedding,  a  third  guide  has  been  positioned  parallel  to  the 
horizontal  one  (see  B  in  Fig.  15),  1  m  downstream.  A  rigid  arm  (see  C  in  Fig.  15)  has  been 
connected  between  this  additional  guide  and  the  vertical  arm  of  Pitot,  to  obtain  a  triangular 
shaped  beams  system  very  stiff  respect  to  the  forces  exerted  in  its  plane.  The  adopted  sample  rate 
is/c  =  100  Hz.  To  set  the  acquisition  time  interval  we  acquired  the  signal  in  different  points  for  a 
time  of  5  s.  Averaging  sample  by  sample  we  noticed  that  the  averaged  signal  was  stable  from  1  s 
to  end;  therefore  we  set  the  acquisition  time  at  2  s  (Fig.  17).  The  three  velocity  components  and 
the  pressure  coefficient,  in  the  measuring  point,  are  calculated,  with  real  time  preview,  via 
software  through  the  calibration  maps  (see  App.  A). 


4.3.2  Results 

The  obtained  results  for  the  three  velocity  components  in  terms  of  flow  vectors  and 
longitudinal  velocity  component  iso-levels,  give  a  global  view  of  the  flow  around  the  model  and 
highlights  any  interesting  flow  features.  All  the  reported  results  are  for  the  port  half  plane. 
Furthermore,  in  the  whole  measurements  the  middle  ship  plane  has  been  overtaken  to  verify  the 
flow  symmetry.  The  first  section,  shown  in  Fig.  18,  is  located  at  3  cm  ahead  the  fore 
perpendicular,  corresponding  to  x=0.0052.  The  longitudinal  velocity  component  iso-levels  and 
cross  flow  vectors  reveal  presence  of  stagnation  point,  at  about  z  =  -  0.055,  in  correspondence  of 
the  bulb  (Fig.  18a).  Section  0.1  is  located  close  to  the  bulb  trailing  edge.  As  shown  in  Fig.l8Z),  the 
cross-flow  velocity  components  remain  very  high,  in  particular  nearby  the  keel. 

In  fact  the  peculiar  shape  of  the  bulb,  due  to  the  sonar  dome,  determines  the  generation  of 
a  pair  of  counter  rotating  streamwise  vortices  (bow  bilge  vortices).  The  presence  of  the  (port  side) 
bow  bilge  vortex  is  revealed  by  cross  flow  vectors  (and  stream  traces)  in  Fig.  18c  related  to  the 
section  located  0.2  Lpp  downstream  the  fore  perpendicular.  At  section  x  =  0.4  (in  the  midbody), 
the  bow  bilge  vortex  is  still  present,  as  shown  by  cross  flow  vectors  (and  stream  traces)  in  Fig. 
1 8c?.  The  vortex  action  on  the  boundary  layer  produces  a  lifting  of  low  momentum  fluid  away 
from  the  hull,  which  determines  a  significant  growth  of  the  boundary  layer  thickness.  At  section 
X  =  0.6,  a  second  vortex  is  observed,  having  the  same  sign  of  the  first  one  (Fig.  18c).  This  second 
vortex,  called  stern  bilge  vortex,  is  imputable  to  the  convergence  of  the  limiting  streamlines  in  the 
afterbody  flow,  due  to  the  adverse  pressure  gradient  [17].  The  bow  bilge  vortex  develops  in  the 
keel  region,  while  the  stem  bilge  vortex  develops  nearby  the  girth-length,  as  found  in  many 
previous  works  [17,21].  At  section  x  =  0.8  (Fig.  18/),  the  vortices  are  not  visible  in  a  fixed 
reference  frame,  although  the  vorticity  iso-levels  suggest  the  presence  of  at  least  one  of  the  two 
vortices,  whose  traces  have  been  observed  upstream.  The  thickness  of  the  boundary  layer  is 
growing  in  a  significant  way  and  its  shape  manifests  a  well-known  feature,  developing  a  bulge 
nearby  the  girth-length.  The  cross  flow  is  dominated  by  an  upward  motion,  due  to  the  diminishing 
cross  section  of  the  hull  at  the  stem. 

The  wake  (x  =  0.9346)  is  characterized  by  the  presence  of  a  very  thick  boundary  layer, 
5=Q.QALpp,  while  the  vertical  motion  due  to  the  hull  shape  again  dominates  the  cross  flow. 
Furthermore,  the  cross-flow  vectors  reveal  presence  of  relatively  strong  shear  (Fig.  18g).  The 
unsteadiness  of  the  flow  around  the  transom  stern  compromises  an  accurate  analysis  for  the 
section  x  =  1.0.  Some  wrong  vectors  are  recognizable  on  the  upper  part  of  Fig.  18/i.  Downstream 
the  model  two  weak,  but  very  large,  longitudinal  counter-rotating  vortices  have  been  detected, 
developing  along  the  port  and  starboard  sides.  They  dissipate  about  O.lLpp  downstream  the  rear 
perpendicular  as  shown  in  Fig.  18/. 

4. 3. 3  Vortices  interaction  with  the  hull  boundary  layer 

The  flow  around  the  bulb  (sonar  dome)  generates  a  pair  of  strong  bow  longitudinal 
vortices.  A  simple  way  to  explain  the  formation  of  the  two  vortices  is  in  considering  the  bulb  as  a 
lifting  surface.  Looking  at  the  cross-flow  maps  of  the  forebody  sections  we  can  estimate  the 
global  flow  around  the  bulb  is  oriented  at  incidence  of  about  «,  =  5°  as  sketched  in  Fig.  19.  In  this 
way  there  is  a  non-zero  circulation  around  the  bulb  itself  This  fact  implies  the  presence  of  two 
streamwise  vortices  evolving  downstream  along  the  port  side  and  the  starboard  side  (see  for 
example  [12]).  In  particular,  being  the  incidence  negative,  the  force  acting  on  the  bulb  has  to  be 
direct  downward.  This  is  confirmed  by  the  fact  that  at  this  Froude  number  the  model  is  down  by 
head  [1]. 

The  port-side  vortex  trace  is  evident  in  Fig.20a  where  the  cross-flow  stream  traces  are 
represented  together  with  the  longitudinal  velocity  component  iso-levels  for  the  section  x  =  0.2. 
In  Fig.20/i  the  cross-flow  vectors  and  the  longitudinal  vorticity  component  iso-levels,  are 
represented  for  the  same  section.  The  two  figures,  as  the  next  ones,  report  measurements 
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performed  on  the  port  side  of  the  hull,  (looking  from  downstream).  To  better  resolve  the  velocity 
field  induced  by  the  vortex  a  finer  grid  has  been  adopted.  Figure  20c  clearly  shows  the  cross-flow 
vectors  due  to  the  vortex  produced  by  the  sonar  dome  for  the  regular  and  the  finer  grid  at  the 
x=0.2  section.  Moreover  Fig.20c?,  showing  the  cross-stream  traces  for  the  two  grid  sizes,  attests 
the  repeatability  of  the  experimental  results. 

During  their  streamwise  development  the  two  vortices,  at  the  port  and  starboard  sides, 
interact  with  the  hull  boundary  layer.  Moreover  the  reciprocal  action  of  the  two  vortices  has  to  be 
taken  in  account  to  better  understand  the  midbody  and  afterbody  flow.  At  section  x  =  0.4  the 
vortex  is  still  present  and  clearly  visible  both  on  the  longitudinal  vorticity  and  cross-flow  vectors 
plots  (Fig.  2\b).  The  vortex  exerts  a  lifting  action  on  the  hull  boundary  layer  determining  a 
protrusion  of  low  momentum  fluid  in  the  outer  region  of  the  flow.  This  is  shown  in  Fig.  21a 
where  the  iso-levels  of  the  longitudinal  velocity  component  are  represented.  On  the  other  hand 
the  vortex  itself  is  pushed  toward  the  hull  by  the  action  of  its  symmetric  counter  part,  which 
develops  along  the  starboard  side.  At  section  x  =  0.6  both  the  stream-traces  and  the  vorticity 
iso-levels  show  the  appearance  of  a  second  vortex  nearby  the  girth-length,  namely  stem  bilge 
vortex  [17]  (figs.  22a  and  22b).  Flence  there  are  four  vortices  interacting  in  different  ways. 
Considering  as  dominant  the  interactions  between  couples  of  neighbors  we  obtain  the  scenario 
sketched  in  Fig.  23.  The  bow  longitudinal  vortex  is  pushed  toward  the  hull  by  the  action  of  its 
symmetric  and  the  action  of  the  stem  bilge-vortex.  Moreover  the  stem  bilge-vortices  push  the 
bow-vortices  to  go  the  one  toward  the  other.  It  is  felt  that  their  tendency  to  superimpose, 
combined  with  the  increasing  viscous  dissipation  in  the  inner  region  of  the  boundary  layer, 
determines  the  disappearance  of  the  two  bow-vortices.  On  the  contrary  the  action  of  the 
bow- vortices  on  the  stem  bilge-vortices  moves  these  ones  away  from  the  hull,  where  the  viscous 
dissipation  is  weaker.  In  this  way  just  a  vortex  each  mid-ship  tends  to  survive  in  the  downstream 
development  of  the  flow  around  the  hull.  This  is  observed  in  particular  at  section  x  =  0.8,  where 
the  presence  of  a  single  vortex  is  revealed  by  longitudinal  vorticity  contours  (Fig.  25b).  On  the 
other  hand  in  the  afterbody,  the  hull  shape  determines  a  high  vertical  velocity,  which  tends  to 
disguise  the  circulating  flow  induced  by  the  vortex.  In  this  case,  to  highlight  the  vortex  by 
cross-stream  traces,  it  is  necessary  to  subtract  the  local  average  of  the  vertical  velocity  to  the 
cross-flow  (Fig.  26a).  It  is  interesting  to  notice  that,  multiplying  the  time  that  a  fluid  particle  takes 
to  go  from  section  x  =  0.6  to  section  x  =  0.8  by  the  average  of  the  vertical  velocity  at  the  vortex 
core  at  the  two  sections,  we  obtain  exactly  the  displacement  of  the  vortex  trace,  as  shown  in  Fig. 
24.  Here,  the  displacement  of  the  vortex  trace,  indicated  by  A,  is  obtained  by  relation  (3.3.1), 


{w[0.6,y^,z^]  +  w[0.8,y'^,z'^  ])  At 
2 


=  0.02L 


pp ' 


(3.3.1) 


^  ,  (0.8 -0.6) 

where  At  = - . 

Uo 

(3.3.2) 

In  this  flow  region,  the  vortex  action  on  the  boundary  layer,  combined  with  the  adverse  pressure 
gradient  determine  a  very  large  growth  of  the  boundary  layer,  increasing  both  the  viscous  and  the 
residual  resistance  by  shape  effect  (Fig.  25a). 

The  observed  flow  pattern  at  the  propeller  plane  is  quite  similar  to  those  of  section  x  =  0.8, 
with  a  smoother  bulge.  Figure  26b  shows  the  vortex  presence  by  iso-levels  of  longitudinal 
vorticity,  while  Fig.  26a  shows  how  big  is  the  boundary  layer  in  this  section.  The  thickness  is 
about  Q.QALpp.  As  shown  in  Fig.  26b,  the  vorticity  pattern  is  less  regular  than  for  the  upstream 
sections  (i.e.  x  =  0.8).  This  can  be  related  to  the  vortex  oscillations  due  to  the  unstable  behavior 
of  the  flow  in  the  vicinity  of  the  transom  stem.  For  the  same  reason,  the  velocity  on  the  cross 
plane  at  the  rear  perpendicular,  (section  x  =  1.0)  has  been  very  hard  to  measure,  so  that  it  has  been 
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not  possible  to  analyze  the  acquired  data  in  order  to  highlight  vorticity  structures.  At  section 
X  =  1.1,  two  weak  but  very  big  vortices  develops  before  dissipate  close  to  section  x  =  1.2  inside 
the  viscous  wake  as  shown  in  Figs.  18/  and  18/. 

4.4  Propeller  plane  flow  analysis 

The  flow  on  the  propeller  plane  has  been  investigated  with  particular  care  for  its  crucial 
importance  for  the  propeller  design.  The  obtained  results  can  be  summarized  in  Fig.  28  where  the 
iso-levels  of  the  three  velocity  components  and  the  total  head  are  shown. 

In  order  to  certify  the  experimental  results,  a  comparison  between  present  data  and  data 
obtained  at  David  Taylor  Model  Basin  (DTMB)  for  the  same  nominal  test  condition  has  been 
made  [7].  Also  the  measurement  technique  used  at  the  DTMB  was  the  same  used  at  INSEAN  to 
obtain  present  results.  Figures  29a,  29b,  29c  show  the  comparison  between  the  two  experimental 
realizations  for  the  three  velocity  components. 

The  results  obtained  from  the  two  experiments  show  very  good  agreement,  giving  an 
indication  of  the  high  accuracy  of  the  whole  database.  Figures  30  and  31  show  the  comparison 
between  present  results  and  results  obtained  at  the  IIFIR  for  a  smaller  model  (X  =  46.6  instead  of 
i^  =  24.8),  hence  the  Reynolds  number  was  (slightly)  different.  The  IIFIR  results  have  been 
obtained  by  P.I.V.  (Fig.  30,  [6])  and  by  Pitot  probe  (Fig.  31,  [5]). 

A  very  detailed  uncertainty  assessment  of  the  measured  values  has  been  carried  out  in  order 
to  quantify  the  accuracy  of  the  results.  All  the  individuated  error  sources  have  been  separately 
analyzed  to  evaluate  the  bias  limit,  while  precision  limit  has  been  evaluated  directly  on  the 
experiment  output  by  10  repeated  test  performed  for  three  different  measurement  points 
characterized  by  high  low  and  intermediate  values  of  the  cross-flow  components  (see  App.  A). 

5  Concluding  remarks 

A  very  detailed  database,  for  validation  of  the  CFD  codes  for  ship  flows  prediction,  has  been 
realized  by  measurements  of  resistance  and  sinkage  and  trim,  wave  profiles,  wave  pattern  and 
mean  velocity  components  around  a  model  of  a  fast  displacement  ship  hull  A  cross  validation  of 
significant  part  of  present  data  set  has  been  carried  out  using  experimental  results  obtained  at 
DTMB  and  IIHR,  giving  a  very  good  outcome.  The  uncertainty  assessment  of  the  results  has 
allowed  quantifying  the  accuracy  of  the  database  for  the  different  flow  variables.  The  uncertainty 
on  the  wave  pattern  is  almost  everywhere  lower  than  5  %.  Furthermore,  it  has  been  shown  that 
the  longitudinal  velocity  component  has  been  determined  with  uncertainty  lower  than  1  %  of  the 
nominal  test  velocity.  The  analysis  of  the  velocity  field  has  allowed  to  understand  interesting 
feature  of  the  flow  field,  like  the  action  of  the  bow  bilge  vortices  on  the  downstream  development 
of  the  boundary  layer  and  the  interaction  between  stem  and  bow  bilge  vortices. 

Present  work  confirms  the  importance  of  such  onerous  experiments  in  order  to  understand 
the  behavior  of  the  flow  around  complex  body  shapes  in  presence  of  a  free  surface,  such  as  ship 
flows.  On  the  other  hand  the  main  reason  for  which  we  performed  present  experiment  is  to  carry 
out  a  useful  database  for  numerical  codes  testing.  In  fact,  this  database  allows  to  validate  the 
results  on  the  global  quantities,  as  resistance,  but  more  important,  allows  to  compare  the  local 
properties  of  the  calculated  flow  with  the  corresponding  ones  obtained  experimentally.  A 
demanding  test  of  the  CFD  codes  for  laboratory  Reynolds  number  (10^)  is  needed,  in  fact,  if  we 
want  to  use  them  to  calculate  the  flow  at  real  Reynolds  numbers,  which  are  of  order  of  10^. 
Therefore  the  experiments  have  to  be  carried  out  at  large  Reynolds  number,  in  order  to  obtain  a 
flow  that  is  as  close  as  possible  to  the  one  of  the  full  scale  realizations. 
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Fig.  1:  Geometry  and  photo  of  model  INSEAN  2340. 


Description 

Ship 

Model 

Scale  factor 

X 

- 

24.824 

Length  between  perpendiculars 

Lpp  (m) 

142.0 

5.720 

Length  at  water  level 

Lwl  (m) 

142.0 

5.720 

Overall  length 

Los  (m) 

Breadth 

B(m) 

18.9 

0.76 

Draft 

T(m) 

6.16 

0.248 

Trim  angle 

(deg) 

0.0 

0.0 

Displacement 

A(t) 

8636.0 

0.549 

Volume 

V(m^) 

8425.4 

0.549 

Wetted  surface 

Sw(m") 

2949.5 

4.786 

Hull  coefficients 

Lpp  /B 

7.530 

CB 

V/(  LppBT) 

0.506 

B/T 

3.091 

CP 

V/(  Lpp  Ax) 

0.613 

Le/  Lpp 

0.550 

CPF 

2Vf/(  Lpp  Ax) 

0.594 

Lr/  Lpp 

0.450 

CPA 

2Va/(  LppAx) 

0.646 

Lp/  Lpp 

0.0 

CX 

Ax/BT 

0.825 

Lpp/V''^ 

6.978 

cw 

Aw/(  LppB) 

0.778 

Sw/V"'^ 

7.123 

CWF 

2Awp/(  LppB) 

0.676 

Xfb/Lpp 

0.505 

CWA 

2Awa/(  LppB) 

0.881 

15 


Xpp/Lpp  0.549 

a  (deg)  11.0 

Tab.  1:  Geometrical  data  for  INSEAN  model  2340  and  full-scale  ship. 


V 

Fr 

Rt  {Kq) 

Ctm 

Re 

Cf 

Cr 

Date 

Time 

0.373 

0.050 

0.170 

4.94E-03 

2.13E+06 

4.01  E-03 

9.34E-04 

1/8/97 

9.45 

0.374 

0.050 

0.174 

5.03E-03 

2.13E+06 

4.00E-03 

1.03E-03 

22/7/97 

10.50 

0.374 

0.050 

0.157 

4.54E-03 

2.13E+06 

4.00E-03 

5.34E-04 

24/7/97 

9.50 

0.444 

0.059 

0.231 

4.74E-03 

2.53E+06 

3.87E-03 

8.68E-04 

31/7/97 

14.20 

0.525 

0.070 

0.295 

4.33E-03 

2.99E+06 

3.74E-03 

5.83E-04 

28/7/97 

11.45 

0.525 

0.070 

0.293 

4.30E-03 

2.99E+06 

3.74E-03 

5.53E-04 

31/7/97 

10.10 

0.559 

0.075 

0.338 

4.37E-03 

3.18E+06 

3.70E-03 

6.74E-04 

31/7/97 

14.20 

0.598 

0.080 

0.362 

4.09E-03 

3.41  E+06 

3.65E-03 

4.41  E-04 

25/7/97 

10.00 

0.673 

0.090 

0.449 

4.01  E-03 

3.83E+06 

3.57E-03 

4.38E-04 

30/7/97 

10.10 

0.749 

0.100 

0.558 

4.02E-03 

4.27E+06 

3.50E-03 

5.23E-04 

0.823 

0.110 

0.645 

3.85E-03 

4.69E+06 

3.44E-03 

4.12E-04 

24/7/97 

11.00 

0.898 

0.120 

0.791 

3.96E-03 

5.12E+06 

3.38E-03 

5.80E-04 

21/7/97 

9.14 

0.899 

0.120 

0.772 

3.86E-03 

5.12E+06 

3.38E-03 

4.80E-04 

30/7/97 

10.10 

0.972 

0.130 

0.910 

3.89E-03 

5.54E+06 

3.33E-03 

5.60E-04 

23/7/97 

10.05 

1.046 

0.140 

1.054 

3.89E-03 

5.96E+06 

3.29E-03 

6.05E-04 

30/7/97 

10.30 

1.047 

0.140 

1.057 

3.90E-03 

5.96E+06 

3.29E-03 

6.09E-04 

1/8/97 

9.45 

1.124 

0.150 

1.235 

3.95E-03 

6.40E+06 

3.25E-03 

7.05E-04 

28/7/97 

10.40 

1.197 

0.160 

1.444 

4.07E-03 

6.82E+06 

3.21  E-03 

8.64E-04 

24/7/97 

12.10 

1.199 

0.160 

1.443 

4.06E-03 

6.83E+06 

3.21  E-03 

8.49E-04 

22/7/97 

11.20 

1.272 

0.170 

1.605 

4.01  E-03 

7.25E+06 

3.18E-03 

8.35E-04 

21/7/97 

9.42 

1.347 

0.180 

1.785 

3.98E-03 

7.67E+06 

3.14E-03 

8.34E-04 

30/7/97 

11.45 

1.423 

0.190 

2.007 

4.01  E-03 

8.11  E+06 

3.1  IE-03 

8.94E-04 

22/7/97 

10.05 

1.501 

0.200 

2.200 

3.95E-03 

8.55E+06 

3.08E-03 

8.64E-04 

22/7/97 

9.40 

1.574 

0.210 

2.420 

3.95E-03 

8.97E+06 

3.06E-03 

8.91  E-04 

30/7/97 

11.00 

1.648 

0.220 

2.678 

3.99E-03 

9.39E+06 

3.03E-03 

9.54E-04 

21/7/97 

10.14 

1.722 

0.230 

2.931 

4.00E-03 

9.81  E+06 

3.01  E-03 

9.86E-04 

24/7/97 

11.35 

1.794 

0.240 

3.238 

4.07E-03 

1.02E+07 

2.99E-03 

1.08E-03 

21/7/97 

11.50 

1.873 

0.250 

3.535 

4.07E-03 

1.07E+07 

2.97E-03 

1.1  IE-03 

24/7/97 

11.00 

1.946 

0.260 

3.830 

4.09E-03 

1.11E+07 

2.95E-03 

1.14E-03 

30/7/97 

12.45 

2.021 

0.270 

4.124 

4.08E-03 

1.15E+07 

2.93E-03 

1.15E-03 

31/7/97 

11.50 

2.024 

0.270 

4.102 

4.05E-03 

1.15E+07 

2.93E-03 

1.12E-03 

23/7/97 

11.15 

2.097 

0.280 

4.605 

4.23E-03 

1.19E+07 

2.91  E-03 

1.32E-03 

2.171 

0.290 

5.091 

4.37E-03 

1.24E+07 

2.89E-03 

1.47E-03 

28/7/97 

10.40 

2.245 

0.300 

5.547 

4.45E-03 

1.28E+07 

2.88E-03 

1.57E-03 

1/8/97 

10.20 

2.247 

0.300 

5.536 

4.43E-03 

1.28E+07 

2.88E-03 

1.56E-03 

30/7/97 

10.30 

2.319 

0.310 

6.087 

4.58E-03 

1.32E+07 

2.86E-03 

1.72E-03 

22/7/97 

12.10 

2.321 

0.310 

6.067 

4.55E-03 

1.32E+07 

2.86E-03 

1.69E-03 

24/7/97 

12.10 

2.395 

0.320 

6.512 

4.59E-03 

1.36E+07 

2.84E-03 

1.74E-03 

23/7/97 

11.15 

2.471 

0.330 

7.060 

4.68E-03 

1.41E+07 

2.83E-03 

1.85E-03 

21/7/97 

10.43 

2.546 

0.340 

7.614 

4.75E-03 

1.45E+07 

2.82E-03 

1.93E-03 

23/7/97 

11.45 

2.621 

0.350 

8.226 

4.84E-03 

1.49E+07 

2.80E-03 

2.04E-03 

30/7/97 

12.45 

2.695 

0.360 

9.000 

5.01  E-03 

1.54E+07 

2.79E-03 

2.22E-03 

25/7/97 

9.35 

2.696 

0.360 

8.999 

5.01  E-03 

1.54E+07 

2.79E-03 

2.22E-03 

21/7/97 

10.43 

2.772 

0.370 

9.979 

5.25E-03 

1.58E+07 

2.78E-03 

2.47E-03 

22/7/97 

9.40 

2.847 

0.380 

11.110 

5.54E-03 

1.62E+07 

2.76E-03 

2.78E-03 

28/7/97 

11.15 

2.864 

0.382 

11.576 

5.70E-03 

1.63E+07 

2.76E-03 

2.94E-03 

31/7/97 

9.40 

2.884 

0.385 

11.886 

5.78E-03 

1.64E+07 

2.76E-03 

3.02E-03 

1/8/97 

10.55 

2.919 

0.390 

12.483 

5.92E-03 

1.66E+07 

2.75E-03 

3.17E-03 

30/7/97 

11.45 

2.922 

0.390 

12.582 

5.96E-03 

1.66E+07 

2.75E-03 

3.21  E-03 

21/7/97 

12.48 

2.959 

0.395 

13.261 

6.12E-03 

1.69E+07 

2.75E-03 

3.38E-03 

30/7/97 

14.05 

2.996 

0.400 

14.103 

6.35E-03 

1.71E+07 

2.74E-03 

3.61  E-03 

23/7/97 

10.35 
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2.996 

0.400 

14.035 

6.32E-03 

1.71E+07 

2.74E-03 

3.58E-03 

23/7/97 

12.10 

3.071 

0.410 

15.566 

6.67E-03 

1.75E+07 

2.73E-03 

3.94E-03 

3.144 

0.420 

17.139 

7.01  E-03 

1.79E+07 

2.72E-03 

4.29E-03 

24/7/97 

10.15 

3.218 

0.430 

18.848 

7.36E-03 

1.83E+07 

2.71  E-03 

4.65E-03 

22/7/97 

12.10 

3.222 

0.430 

18.848 

7.34E-03 

1.84E+07 

2.71  E-03 

4.63E-03 

30/7/97 

14.40 

3.297 

0.440 

20.105 

7.48E-03 

1.88E+07 

2.70E-03 

4.78E-03 

23/7/97 

10.35 

3.370 

0.450 

22.052 

7.85E-03 

1.92E+07 

2.69E-03 

5.16E-03 

31/7/97 

11.00 

3.371 

0.450 

21.950 

7.81  E-03 

1.92E+07 

2.69E-03 

5.12E-03 

28/7/97 

12.15 

Tab.  2:  Towing  tests  results  for  INSEAN  2340model:  resistanee  eoeffieients 


V  (m/s) 

Fr 

0.373 

0.05 

0.374 

0.05 

0.374 

0.05 

0.449 

0.06 

0.525 

0.07 

0.525 

0.07 

0.559 

0.07 

0.598 

0.08 

0.673 

0.09 

0.749 

0.10 

0.823 

0.11 

0.898 

0.12 

0.899 

0.12 

0.972 

0.13 

1.046 

0.14 

1.124 

0.15 

1.197 

0.16 

1.199 

0.16 

1.272 

0.17 

1.347 

0.18 

1.423 

0.19 

1.501 

0.20 

1.574 

0.21 

1.648 

0.22 

1.722 

0.23 

1.794 

0.24 

1.873 

0.25 

1.946 

0.26 

2.021 

0.27 

2.090 

0.28 

2.171 

0.29 

2.245 

0.30 

2.247 

0.30 

2.319 

0.31 

2.321 

0.31 

2.395 

0.32 

2.471 

0.33 

2.546 

0.34 

2.621 

0.35 

2.695 

0.36 

2.696 

0.36 

2.772 

0.37 

2.847 

0.38 

2.864 

0.38 

2.884 

0.39 

2.919 

0.39 

Sinkage 


9.69E-03 


-4.92E-02 


7.93E-02 


1.63E-01 


1.03E-01 


4.47E-02 


1.96E-01 


1.65E-01 


1.78E-01 


1.74E-01 


3.89E-01 


4.01  E-01 


1.96E-01 


4.18E-01 


5.04E-01 


2.22E-01 


7.33E-01 


2.86E-01 


6.96E-01 


7.97E-01 


7.58E-01 


9.32E-01 


1.02E+00 


1.11E+00 


1.24E+00 


1.18E+00 


1.43E+00 


1.74E+00 


1.88E+00 


1.82E+00 


1.72E+00 


2.10E+00 


2.23E+00 


2.46E+00 


2.39E+00 


2.47E+00 


2.87E+00 


2.89E+00 


3.18E+00 


3.46E+00 


3.38E+00 


3.48E+00 


3.80E+00 


4.17E+00 


4.10E+00 


4.14E+00 
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2.922 

0.39 

17.6 

31.9 

-0.164 

16.1 

32.4 

4.24E+00 

2.959 

0.40 

14.7 

35.8 

-0.242 

12.4 

36.6 

4.29E+00 

2.996 

0.40 

12.0 

41.0 

-0.333 

8.9 

42.1 

4.46E+00 

2.996 

0.40 

15.1 

39.5 

-0.280 

12.5 

40.4 

4.63E+00 

3.071 

0.41 

9.8 

46.5 

-0.421 

5.9 

47.9 

4.70E+00 

3.144 

0.42 

4.9 

54.4 

-0.568 

-0.4 

56.3 

4.88E+00 

3.218 

0.43 

0.9 

62.4 

-0.705 

-5.7 

64.7 

5.16E+00 

3.222 

0.43 

0.9 

64.0 

-0.724 

-5.9 

66.4 

5.29E+00 

3.297 

0.44 

-2.1 

70.1 

-0.828 

-9.8 

72.8 

5.51  E+00 

3.370 

0.45 

-8.8 

79.2 

-1.009 

-18.2 

82.5 

5.62E+00 

3.371 

0.45 

-11.5 

75.4 

-0.997 

-20.8 

78.7 

5.06E+00 

Tab.  3:  Towing  tests  results  for  INSEAN  model  2340:  sinkage  and  trim 
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Fig.  2:  Resistance  force  vs.  model  speed 


Fig.  3:  Total,  viscous  and  residual  resistance  coefficients  as  a 
function  of  Froude  number 
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Fig.  4:  Total  resistance  coefficient  dispersion 
at  Fr  ^  0.10,  0.28  and  0.41 


Fig.  5:  Comparison  for  Cjm  and  Cr  obtained  by  INSEAN  (model 
2340,  -  24.8),  IIHR  (model  5512,  -  46.6), 

DTMB  (model  5415,  -  24.8). 


19 


ei5 

654 


Fig.  8:  Wave  profiles  at  Fr  =  0.28;  INSEAN  (B),  DTMB  (A),  IIHR  (C). 
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Fig.  9:  Wave  profiles  at  Fr  =  0.41;  INSEAN  (B),  DTMB  (A),  IIHR  (C). 
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track 


switch 


Fig.  10:  wave  pattern  experimental  setup  and  sketeh  of  the  data  aequisition  deviee. 
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Fig.  11:  wave  pattern  and  selected  wave  cuts  for  precision  limit  evaluation 
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Fig.  15:  sketch  of  the  velocity  measurement  set-up:  left  (rear  view),  right  (side  view) 
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lifferential 


Fig.  18a:  longitudinal  velocity  component  iso-levels  (left)  and  cross-flow  vectors  (right). 
Cross-section  X  =  0.0:  (port  side  measurements  and  mirror). 


Fig.  18fo:  longitudinal  velocity  component  iso-levels  (left)  and  cross-flow  vectors  (right). 

Cross-section  X  =  0.1:  (port  side  measurements  and  mirror). 


30 


Fig.  18c:  longitudinal  velocity  component  iso-levels  {left)  and  cross-flow  vectors  {right). 
Cross-section  V  =  0.2:  (port  side  measurements  and  mirror).. 


Fig.  ISd:  longitudinal  velocity  component  iso-levels  {left)  and  cross-flow  vectors  {right). 
Cross-section  V  =  0.4:  (port  side  measurements  and  mirror). 
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Fig.  18e:  longitudinal  velocity  component  iso-levels  (left)  and  cross-flow  vectors  {right). 

Cross-section  V  =  0.6:  (port  side  measurements  and  mirror). 


Fig.  18/:  longitudinal  velocity  component  iso-levels  {left)  and  cross-flow  vectors  {right). 
Cross-section  X  =  0.8:  (port  side  measurements  and  mirror). 
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Fig.  18g:  longitudinal  velocity  component  iso-levels  {left)  and  cross-flow  vectors  {right). 
Cross-section  V  =  0.9346:  tnort  side  measurements  and  mirror!. 
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Fig.  18/?:  longitudinal  velocity  component  iso-levels  {left)  and  cross-flow  vectors  {right). 

Cross-section  V  =  1.0:  (port  side  measurements  and  mirror). 
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Fig.  18;:  longitudinal  velocity  component  iso-levels  (left)  and  cross-flow  vectors  (right). 
Cross-section  V  =1.1:  (port  side  measurements  and  mirror). 


Fig.  18/:  longitudinal  velocity  component  iso-levels  (left)  and  cross-flow  vectors  (right). 
Cross-section  V  =1.2:  (port  side  measurements  and  mirror). 
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Figs.  21a  and  21b:  longitudinal  velocity  iso-levels  and  cross-stream  traces  {left),  longitudinal  vorticity  and 
cross-flow  vectors  {right)',  section  x  =  0.4  (port-side  view). 


Figs.  22a  and  22b:  longitudinal  velocity  iso-levels  and  cross-stream  traces  {left),  longitudinal  vorticity  and 
cross-flow  vectors  {right)',  section  0.6  (port-side  view). 


y 

Fig.  23:  qualitative  sketch  of  induced  velocity 
by  the  vortices  on  the  vortices. 


Fig.  24:  displacement  of  the  vortex  trace 
between  section  0.6  and  section  0.8  (starboard 
view). 
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Figs.  25a  and  25b:  longitudinal  velocity  iso-levels  and  cross-flow  vectors  (left),  longitudinal  vorticity 
and  cross-flow  vectors  {right)-,  section  0.8  (port-side  view). 


Figs.  26a  and  26b:  longitudinal  velocity  iso-levels  and  cross-flow  vectors  (left),  longitudinal  vorticity 
and  cross-flow  vectors  {right)-,  propeller  plane  section  {nominal  wake),  (port-side  view). 
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Figs.  21a  and  21b:  longitudinal  vorticity  iso-levels  and  cross-flow  vectors  at  section  0.8  {left)  and  propeller 
plane  {right)-,  the  cross-stream  traces  have  been  drawn  inside  the  frames  in  both  figures, 
adding  a  mean  value  to  the  vertical  velocity  component  (port-sides  view). 
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Fig.  29a:  comparison  in  terms  of  axial  velocity  component  iso-levels  between  INSEAN  2340A  (left) 

and  DIME  5415  (right). 


Fig.  29b\  comparison  in  terms  of  transverse  velocity  component  iso-levels  between  INSEAN  2340A  (left) 

and  DIME  5415  (right). 


Fig.  29c:  comparison  in  terms  of  vertical  velocity  component  iso-levels  between  INSEAN  2340A  (left) 
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and  DTMB  5415  (right). 
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Fig.  30:  comparison  between  present  INSEAN  2340  A  results  (left)  and  results  obtained  at  IIFIR  on 
5512  model  using  PIV  (right),  in  terms  of  longitudinal  velocity  component  iso-levels. 


Fig.  3 1 :  comparison  between  present  INSEAN  2340  A  results  (left)  and  results  obtained  at  IIFIR  on 
5512  model  using  5-hole  Pitot  (right),  in  terms  of  longitudinal  velocity  component  iso-levels. 
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